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ABSTRACT
We present a new observation of the compact HII region, G29.96−0.02, that allows
us to compare the velocity structure in the ionised gas and surrounding molecular gas
directly. This allows us to remove most of the remaining ambiguity about the nature
of this source. In particular, the comparison of the velocity structure present in the
41,3S–31,3P HeI lines with that found in the 1–0 S(1) H2 line convincingly rules out a
bow shock as being important to the kinematics of this source. Our new observation
therefore agrees with our previous conclusion, drawn from a velocity resolved HI Brγ
map, that most of the velocity structure in G29.96−0.02 can largely be explained as
a result of a champagne flow model. We also find that the best simple model must
invoke a powerful stellar wind to evacuate the ‘head’ of the cometary HII region of
ionised gas. However, residual differences between model and data tend to indicate
that no single simple model can adequately explain all the observed features.
Key words: H II regions - interstellar medium: kinematics and dynamics - interstellar
medium: individual(G29.96-0.02)
1 INTRODUCTION
The study of ultracompact (UC) H II regions has been stim-
ulated in recent years by the sparsely sampled VLA survey
of Wood & Churchwell (1989). One of the greatest puzzles
of the Wood & Churchwell survey is the total number of
such regions found. By taking both the total number of O
stars in the galaxy (simply from extrapolating the number
of optically visible OB associations), and their lifetimes on
the main sequence, they predicted the total number of such
sources that might still be expected to be in the UC H II
phase. Comparing this with the numbers actually found led
Wood & Churchwell to conclude that there was an order
of magnitude more sources in their VLA survey than there
should have been. Since there is no other evidence for the
massive star formation rate being this much larger than ex-
pected, they considered that the likeliest solution to this
problem is that some mechanism is constraining the out-
ward expansion of the H II region. Wood & Churchwell es-
timate that the UC H II phase must last about ten times
longer than the ∼ 104 years predicted on the basis of sim-
ple Stro¨mgren sphere expansion. Another key result from
the Wood & Churchwell study is that at least 20% of these
regions have a ‘cometary’ appearance. A subsequent survey
by Kurtz et al. (1994) and a VLA survey of much larger,
optically visible, H II regions by Fich (1993) also found a
similar proportion of this type.
These discoveries stimulated interest in the study of new
models for the evolution of compact HII regions. Some of
the key models that have been developed recently that can
explain the lifetime of the compact HII regions can be sum-
marised as follows:
• Bow shock models: The near parabolic shape of
many of these sources lead Wood & Churchwell to de-
velop a bow-shock interpretation for UC H II regions which
provides an explanation for both of the lifetime and the
cometary morphologies. The basis of this model is that an
OB star moves supersonically through a molecular cloud
(v∗ > 0.2 kms
−1) and the stellar wind from the star sup-
ports a bow shock along its direction of motion (Mac-Low
et al. 1991, Van Buren & Mac-Low 1992). This shock can
trap the ionisation front (IF), preventing it from expanding
and the lifetime of the UC H II phase in this model is simply
the star’s crossing time through the cloud, typically of the
order of 105 years.
•Mass loading models: Dyson and co-workers (Dyson
et al. 1995; Redman et al. 1996) have investigated the in-
teraction of a stellar wind and a clumpy molecular cloud
material. This provides a source of fresh neutral material to
soak up ionising photons which is an efficient mechanism for
slowing the expansion. A density gradient of mass-loading
clumps can also account for the cometary regions (Williams
et al. 1996, Redman et al. 1998). Lizano et al. (1996) offer
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a slightly different perspective on the same process. Hollen-
bach et al. (1994) invoked photoevaporation of a disk around
the exciting star itself to feed material, but this does not help
to account for the known morphologies.
• ‘Environmental’ models: De Pree, Rodriguez &
Goss (1995) suggested that there was evidence that the am-
bient density in the natal molecular clouds was much higher
than assumed in traditional Stro¨mgren sphere expansion ar-
guments. In a sense this ‘model’ argues that there is in fact
no problem, rather that Wood & Churchwell used inaccurate
parameters in calculating the expected growth rates of the
HII regions initially. In this picture the likeliest explanation
for the observed fraction of compact HII regions that appear
‘cometary’ is given by the champagne flow model described
next.
• Champagne flow (blister) models: HII regions with
cometary morphology were originally labelled as ‘blisters’
by Israel (1978) because of their propensity for being found
near the edges of molecular clouds (the classical example
being the Orion nebula itself of course). Icke, Gatley & Israel
(1980) noted that if there is a density gradient in the ambient
gas the H II region will expand fastest in the low density
direction and so become very asymmetric. Tenorio-Tagle and
co-workers in a series of papers (see Yorke et al. 1983 for a
summary) developed numerical models of the evolution of
HII regions for this asymmetric expansion. They found that
the pressure gradient set up when the IF reaches the edge
of the cloud causes a ‘champagne’ flow of ionized gas away
from the cloud with velocities of order 30 kms−1. Although
in its original form this model does not answer the lifetime
problem, it may when combined with either higher ambient
densities, stellar wind trapping of the ionization front or
mass loading.
Whilst it is clear from the above that no single observa-
tional test can absolutely prove that one of these models is
correct, the velocity structure within the ionised and molecu-
lar gas provides a key discriminating test. Previous attempts
to study the molecular gas in the mm regime have turned
up unexpected results. Hot ammonia clumps (Cesaroni et al.
1994) and water masers (Hofner & Churchwell 1996) often
appear to be more associated with a subsequent generation
of star formation rather than probing the adjacent molec-
ular gas. Observations of tracers of the more quiescent gas
such as CO have mostly been made with low spatial resolu-
tion and optical depth and excitation effects can also make
interpretation difficult.
G29.96–0.02 is perhaps the best studied of the compact
cometary sources for which evidence of a bow shock has been
found. Wood & Churchwell (1991) carried out high resolu-
tion radio recombination line studies, and the results were
analysed by Van Buren & Mac Low (1992), who claim good
agreement with their bow-shock model. We showed in a pre-
vious paper (Lumsden & Hoare 1996: hereafter LH96) how-
ever, that their conclusions were biased because of the low
sensitivity to extended structure in their data. By mapping
the HI Brγ line we instead found much better agreement
with a model that had a strong champagne flow component.
In this paper we present new data, allowing us to tie the
motions in the molecular and ionised gas together without
ambiguity for the first time.
2 OBSERVATIONS
We obtained high resolution (R ∼ 20000) spectra of the 1–0
S(1) H2 line with the common user IR array spectrometer
CGS4 on UKIRT on the night of 4 July 1997. We used the
echelle grating within CGS4, with a one pixel wide slit (each
pixel corresponding to 1.0′′ in the dispersion direction and
1.5′′ along the slit). The effective resolution of this combina-
tion was measured to be 18± 1 kms−1 on several bright OH
night sky lines (intrinsic width assumed to be ≪ 10kms−1),
and from a krypton arc lamp. To fully sample the resolu-
tion element, the array was stepped six times across two
pixels. This oversampling is extremely useful in determining
accurate line profiles for our data. The slit was set at a po-
sition angle of 60◦, in order to be approximately along the
symmetry axis of G29.96−0.02.
Our basic observing technique was to observe at each
position for ten minutes (composed of five two minute ex-
posures), and then take a separate two minute sky frame.
Since the night sky lines are well separated from the emis-
sion lines in our target we do not need to achieve a good
cancellation of these. The separate sky frame acts as a dark
frame to remove dark current from the array more than to
subtract the night sky emission. We coadded five such data
blocks (ie total time per position on source was 50 minutes).
We observed three positions in total, aligned with the peak
flux from the object and 6 arcseconds northwest and south-
east of this. Our data can be compared directly with the
equivalent HI Brγ data from LH96.
The most crucial part of the data reduction is accurate
wavelength calibration since we wish to compare the relative
velocities of the observed lines directly. Unfortunately, flex-
ure can give rise to significant wavelength shifts in CGS4,
so it is not feasible to use arc lamps to calibrate the wave-
length scale. Instead, we derived a wavelength calibration
using the actual night sky lines on the frame. This ensures
that we are not affected by the flexure problems, since the
calibration is now self consistent with the emission line data:
it does however mean that the absolute reference for the ve-
locity is only as accurate as the night sky emission lines.
Each frame was shifted onto a constant wavelength scale
before the co-addition into the final three images. In addi-
tion to the correction for flexure (which appears as a bulk
wavelength shift for all slit positions), the projection of the
slit onto the array is curved. We also corrected for this cur-
vature. We tested for residual errors in these corrections by
measuring wavelengths of night sky lines in different frames
and at different positions along the slit. We are confident
that the residual errors in the measured relative velocities
due to these corrections are < 1kms−1.
For the OH lines, we used the tabulated wavelengths
given in Oliva & Origlia (1992), and allowed for the splitting
of the doublets (since this leads to resolvable lines in some
instances). With the 256×256 array now used in CGS4, the
wavelength coverage (∼ 0.027µm), allowed us to observe 11
identifiable lines. We were able to derive a very good fit to
the tabulated values, with a final rms error of 1.1× 10−5µm
(or only 1.5kms−1 in velocity terms). The best fit to CGS4
echelle data is quadratic in the estimated wavelength (note
that this is different to our assumption in LH96 where we
adopted a linear shift from the brightest arc or OH lines).
Lastly, we corrected the observed velocities into standard
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vLSR values by correcting for the solar motion. We checked
the derived dispersion correction for the spectrum using this
method with that obtained from a krypton arc lamp. Al-
though there was an offset because of flexure as already
noted, the actual dispersion correction was very similar, giv-
ing us confidence in our adopted approach.
We now return briefly to the case of the absolute wave-
length calibration of the Brγ data published in LH96. As
part of a separate project we have obtained spectra of plan-
etary nebulae (PN) with the same configuration. Of these
∼ 10 are known to have accurate measured radial velocities.
We used this information to derive a calibration from the
OH night sky lines at Brγ as well (it was possible to apply
this method since the PN data were also obtained with the
larger array, whereas the original LH96 data were obtained
using a smaller 58×62 device). Although the tabulated Oliva
& Origlia values again gave a good dispersion correction, we
found an offset between the PN data and the known radial
velocities. We derived an average correction to apply, and
then used this knowledge to derive a similar wavelength cal-
ibration for G29.96−0.02. The result is rather different to
that given in LH96. For the pixel with the largest flux, we
derive a velocity of 97.2kms−1. We also carried out observa-
tions of a smaller set of PN to calibrate the error in the H2
data. From this we derive the velocity of the pixel with the
peak HeI intensity as 98.3kms−1, in very good agreement
with the HI line value. We also used the same PN data to
estimate the relative error in the velocity scale between the
HeI lines and H2 data, and found an average difference of
∼ 2kms−1 assuming the H2 and HeI trace the same struc-
ture in the PN. Therefore we assume that the overall scale of
both datasets is accurate to ±3kms−1 (which is also consis-
tent with the derived errors in the actual arc fitting process
for both datasets as well). We are however confident that
there is no evidence for any difference in the absolute ve-
locity of the HI and HeI from our data, and have therefore
assumed that they are the same in what follows (ie we have
normalized the data to have the same velocity for the point
with the largest observed line flux in the ionised component).
Figure 1 shows the coadded spectrum of the region
around the peak of the ionised emission. The lines evident
are the 43,1S–33,1P transitions of HeI, and the 1–0 S(1)
transition of H2. In comparing our data with the models
we also require very accurate theoretical or measured wave-
lengths. The vacuum rest wavelength for the H2 line was
taken as 2.121833µm from Bragg, Brault & Smith (1982),
whilst the values for the HeI lines were derived from en-
ergy levels in Bashkin & Stoner (1975) from which we found
2.113772µm and 2.112743/2.112657/2.112584µm for the sin-
glet and triplet transitions respectively. For the singlet tran-
sition there is no ambiguity as to which spin state dominates
the transition, and hence we know the exact line wavelength,
though the singlet transition is of course weaker than the
triplet. We therefore measured the actual observed wave-
length difference between the singlet and triplet helium lines
for all positions where the singlet line was easily detected,
and calculated a weighted average. The result was a differ-
ence of 1.188×10−3µm, consistent with the triplet line being
dominated by transitions to the J = 2 state. Therefore, the
expected wavelength difference between the triplet HeI line
and the H2 transition, assuming both components have the
same velocity is 9.249×10−3µm. Observed variations from
this value of course represent different real velocity struc-
tures in the ionised and molecular gas.
Observations were also made of SAO142608, a B0 star
with a visual magnitude of V = 8.6. There are only very
weak atmospheric absorption lines present in the observed
wavelength range, and none of these lie near the target emis-
sion lines. The data shown in Figure 1 have been crudely flux
calibrated using this star, to allow relative fluxes from the
HeI and H2 lines to be estimated.
3 RESULTS
All data were fitted with Gaussian functions, there being no
evidence for deviations from this profile within the errors.
The actual results are shown in Figure 2, where we have
plotted data for the H2 line, the HeI triplet and the relevant
Brγ data from LH96.
We have only plotted points where the signal to noise
in the flux was greater than 4. Given our comments in the
previous section we have taken the liberty of shifting the
velocity scale for the Brγ and HeI so that they agree at the
position of peak flux. The absolute scale adopted is the one
derived from the HeI observations. In addition, it should be
noted that the spatial resolution of the Brγ is less (2 arcsec
pixels as opposed to the 1.5 arsec pixels for the new data
presented here).
First, we compare the flux distributions of the molecular
hydrogen emission and the He I and Brγ emission along the
on-axis slit position (top-left panel of Fig 2). As expected
the He I and Brγ distributions trace each other very well,
but the molecular hydrogen emission peaks nearly 2 arcsec
or about 0.05 pc ahead of the ionized gas away from the
exciting star. The 1-0 S(1) distribution is also much flatter
than the ionized gas in the main body of the nebula. Similar
relative distributions are seen in the off-axis positions in Fig
2. This is consistent with the molecular hydrogen emission
arising in a thin shell just outside the ionized region which
would be predicted by both fluorescent and shock models.
In the middle panel of Fig 2 we compare the centroid ve-
locity of the molecular hydrogen emission along the on-axis
position with that of the He I and Brγ line. As expected the
velocity structure of the He I is very similar to that of Brγ
since they both trace the same volume of ionized gas. On the
other hand the molecular hydrogen does show significantly
different velocity structure. There is much less variation in
the velocity along the object: only about 7 kms−1 in the
molecular hydrogen compared to over 20 kms−1 for the ion-
ized gas. The molecular velocity structure has the appear-
ance of an approximately constant background emission at
vlsr ≈92 kms
−1 with perturbations in the same direction as
the ionized gas in the main body of the nebula. In the re-
gion around the exciting star (2 arcsec behind the nebular
peak) the ionized gas is redshifted relative to the molecular
gas by about 3 kms−1 whereas in the tail the ionized gas
gets progressively more blueshifted relative to the molecular
gas. In the head region the molecular gas again returns to
the ‘background’ velocity whilst the ionized gas rapidly be-
comes more and more blueshifted. Similar patterns are again
seen in the off-axis positions, especially in the 6 arcsec SE
position where there is still significant velocity structure in
the molecular hydrogen.
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The comparison of the line widths is shown in the bot-
tom panel of Fig 2. The He I line widths again show a very
similar pattern to that of the Brγ, but are generally about
20% narrower. The deconvolved width is not a factor of two
narrower as would be expected for purely thermal broaden-
ing. In LH96 it was found that a turbulent velocity compo-
nent of 8.5 kms−1 was needed to explain the minimum width
of the Brγ line and a similar value is required for the He I
lines here. For more typical line widths seen in the HII region
(24 kms−1 for HI, 20 kms−1 for HeI) and adopting the same
temperature as in LH96 of 6500K, we find that a turbulent
velocity of 10.5 kms−1 is required. Turbulent velocities in
the range 8–18 kms−1 can explain all of the structure seen.
As expected the molecular hydrogen lines are much nar-
rower although again not as narrow as for pure thermal
broadening at around 100 K which would give a FWHM
of only 0.5 kms−1 compared to the deconvolved width of
the narrowest lines of about 5 kms−1. Some turbulent com-
ponent is almost certainly needed although this depends
on how much of the velocity structure is due to global
flows rather than local turbulence (see model later). The
5 kms−1 width is similar to that seen in NH3 emission from
hot clumps in VLA data (Cesaroni et al. 1994, 1998), and
other dense molecular gas tracers such as CS and C13O
(Churchwell, Walmsley & Wood 1992, Cesaroni et al. 1992)
in G29.96−0.02 in larger beam radio and mm-wave obser-
vations. As in the ionized gas there is a very rapid increase
in the line width ahead of the bow with signs of the molec-
ular gas returning to a more quiescent state only at the last
measured position of the on-axis data. A similar although
less rapid increase in line width appears in the tail, again
very similar to the ionized gas.
4 DISCUSSION
The advantage of these new data is the very accurate com-
parison of the velocity structure in the ionized and molecular
gas. Along the axis of the cometary H II region the veloc-
ity difference between the ionized and molecular gas never
exceeds about 4 kms−1. In the bow shock model for this ob-
ject (Van Buren & Mac Low 1992) it is predicted that most
of the ionized gas emission should be redshifted relative to
the ambient cloud as the exciting star bores its way into the
molecular cloud and away from the observer. The maximum
redshift should be the order of the star’s relative velocity
moderated by the cosine of the inclination angle or about
14 kms−1 in the Van Buren & Mac Low model. From our
data this redshift is at most about 6 kms−1.
In the tail region of G29.96−0.02 our data show strong
evidence for a champagne flow with the ionized gas becom-
ing progressively more blueshifted relative to the molecular
gas. Moving into the main body of the nebula where the ion-
ized gas is redshifted relative to the molecular gas we can
understand this motion as expansion of the ionization front
into the cloud behind (see Fig 5 of LH96 to help visualize
the geometry of the object). The small amount of velocity
structure in the molecular hydrogen emission through this
main body region can also be understood as expansion. If
the molecular hydrogen emission arises from a thin shell
around the ionized zone that is already being set in motion
by the expanding nebula then the observed velocity struc-
ture would result.
It is in the head region of the object where it becomes
difficult to translate the observed velocity structure into any
simple explanation or existing model. As one proceeds fur-
ther into the head the ionized gas becomes progressively
more and more blueshifted relative to the molecular gas.
There are hints that the molecular gas begins to be dragged
blue-wards as well before decoupling from the ionized gas at
about the +5 arcsec offset along the on-axis position. Com-
mensurate with the increasing blueshift of the ionized gas
is a similarly dramatic increase in the line width. In a ho-
mogeneous flow picture this pattern in the line centroid and
width has to be due to acceleration along the line of sight.
Inspection of the geometry for G29.96−0.02, i.e. inclined at
-135◦ (see Fig 5 of LH96), led us to explore the possibil-
ity of a substantial component of motion in the ionized gas
tangential to the shell. Due to the orientation of the object
tangential motion would be fully towards the observer in
the head region whilst being tangential to the line of sight
(and hence not observed) in the main body of the nebula.
Physically this motion could be seen as a champagne flow
where instead of the gas streaming straight along the axis
of the object it is forced around the walls of the shell by the
confining action of the stellar wind. An equivalent effect can
be generated in the bow-shock model by adding gas pres-
sure forces to the ram pressure ones they consider. Clearly,
for lower stellar velocities, as we find here for G29.96−0.02,
gas pressure forces play a more important role. However,
in order to explain the increasing blueshift in the ionized
gas we have to increase the speed of the tangential motion
with distance from the shell. This seems to run against what
one would expect physically. The tangential motion would
accelerate from zero at the apex and so would naturally ex-
plain the large line widths along the line of sight in the head
region.
In an attempt to quantify these ideas and test the ex-
pansion interpretation of the molecular hydrogen emission
we have revamped the empirical model of LH96. The tan-
gential motion described above was quantified by the form
vtan = vtan(max)(φ/pi)(l/lmax)
α (1)
Hence the tangential component accelerates linearly with φ
from the apex (φ=0) to the tail (φ→ pi). Ahead of the bow
the velocity increases with the standoff distance l (lmax is
the peak of the ionized shell). In order to attempt to match
the on-axis data ahead of the bow an exponent α of at least
two was necessary. However, if this was applied right around
the object then the fit in the tail was very bad. Hence the
exponent α was modulated such that
α = 2(1− φ/pi) (2)
The model in LH96 also had a much sharper cut-off in
density ahead of the bow than observations appear to show.
Both K-band, Brγ and radio continuum images (LH96, Wat-
son et al. 1997, Fey et al. 1995) all show emission extending
away from the head at about the 10 per cent level for at least
a couple of arcseconds. We suspect that there is some kind
of partial ionization zone where ionizing photons are leaking
into the dense gas ahead of the cometary region. To account
for this we added an additional Gaussian shell component
to the density distribution on the outside of the shell whose
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peak density was three times lower than the main shell and
whose width was ten times thicker. This provided a much
better match to the flux distribution ahead of the bow.
Even after accounting for the partial ionization zone
a purely tangential flow did not provide a good match to
the observations. In particular the peak redshifted velocity
occurred ahead of the peak flux rather than behind as in
the data. We therefore included an expansion component
as in the champagne model in LH96. The expansion was
perpendicular to the shell, i.e. orthogonal to the tangential
component and can be physically identified with expansion
of the ionization front. In order not to produce line-splitting
in the tail region the expansion velocity was modulated such
that
vexp = vexp(max)(1− φ/pi) (3)
A model with vtan(max)=20 kms
−1 and vexp(max)=20
kms−1 is compared with the observed Brγ flux, velocity cen-
troid and width for both the on-axis and 6 arcsec off-axis
positions in Fig 3. The essential features of the model can
be seen in the on-axis velocity structure. Ahead of the apex
at around +5 arcsec the tangential component means that
the flow is coming towards the observer whilst the expan-
sion component is mostly perpendicular to the line of sight.
At the position of the star (0 arcsec) the situation is re-
versed and we see the expansion of the rear shell back into
the molecular cloud. In the tail the flow becomes progres-
sively more blueshifted as the gas accelerates towards us.
The velocity field in the model over-predicts this blueshift,
but further attempts to find a better empirical formalism
were not felt to be warranted. A significant increase in the
line width does occur in the head region for this model al-
though still not enough to match the observations. The fit
is still poor in the off-axis positions. Even so, the fact that
there is a turnover in the velocity centroid is an improvement
over the models in LH96.
We have developed a similar empirical model to investi-
gate the molecular hydrogen velocity structure. The density
distribution was assumed to have the same bow-type struc-
ture as the main ionized gas shell, but with a standoff dis-
tance l some 0.5 arcseconds larger. Since we believe the H2
emission is mostly fluorescent we assumed the flux was pro-
portional to density and the inverse square of the distance
from the exciting star to take account of the geometric dilu-
tion of the UV radiation field. Fig 4 shows the results from
such a model compared with the observed velocity struc-
ture. This model includes the same expansion component as
did the model for the ionized gas with vexp(max)=10 kms
−1
, but has no tangential component to the motion. It gives
a reasonable explanation for the motion in the main body
of the nebula along the axis. Once again it cannot explain
the broad widths ahead of the apex and the large amount
of velocity structure off axis. The line widths in this model
consisted of a thermal component with a temperature set at
100 K and a turbulent component of 3 kms−1. This turbu-
lent component is significantly less than that needed in the
model of the ionized gas.
If the ionized and molecular hydrogen really do share
the same type of expansion motion it would imply in a ho-
mogeneous scenario that molecular hydrogen arises from a
thin shocked region ahead of the ionization front. The fact
that the molecular gas is shocked does not of course mean
that the observed H2 emission is not dominated by fluores-
cence from the strong UV radiation field.
5 CONCLUSIONS
It is clear from our new data that the bow shock model
proposed by Van Buren and Mac-Low (1992) is not a good
match to the observations. We cannot rule out some super-
sonic motion of the star and its wind through the molecular
cloud. Indeed, the velocity difference between the molecular
hydrogen and the ionised gas tracers as a whole indicates
that this relative motion is limited to less than 6 kms−1.
Therefore, this cannot explain the large 20 kms−1 velocity
changes observed along the object. Furthermore, the evolu-
tion of the HII region around a slowly moving star is shown
by Tenorio-Tagle, Yorke & Bodenheimer (1979). Clearly at
late times any champagne flow element would dominate the
expansion, so that the HII region would no longer be classi-
fied as ultracompact.
It is also equally clear that the classical champagne flow
model we considered in LH96 is not a good match. The best
fit we have found using a simple empirical model can be in-
terpreted as a champagne flow model in which a powerful
stellar wind influences the gas kinematics near the exciting
star(s). Certainly the implied stellar type(s) of the excit-
ing star(s) is consistent with the presence of such a wind.
Watson et al. (1997) found that the exciting star should be
at least 60M⊙ from JHK photometry (note, that the mag-
nitudes we reported in LH96 for the exciting star(s) were
in error: the correct values are Kn = 10.6, H= 12.1 and
J= 14.6, and these are now consistent within the errors with
the values reported by Watson et al).
Our new empirical model still fails to explain all the
aspects of the observed data. In particular, two significant
areas are left unexplained. First, the blueshifted emission
ahead of the exciting star(s) and the fact that the lines be-
comes broader with increasing distance from the star. The
former is perhaps indicative of a mass-loaded flow where
clumping in the gas progressively randomizes the flow direc-
tion as it slows down. It is less easy to see why the velocity
centroid shifts to the blue so rapidly. The other possible
mechanism that in principle could explain both features is
scattering. Henney (1998) describes a similar situation in
which he explains broadened [OIII] emission in the Orion
blister through scattering. Unfortunately, we cannot test
this possibility with our current data. Secondly, the off-axis
positions show a very similar velocity pattern to the on-axis
one. The discrepancy between the model and the off-axis po-
sitions probably simply reflects the limits of our empirical
model rather than anything more complex however.
In summary then, it seems clear that the dominant
mechanism determining the kinematics in G29.96−0.02 is a
combination of a reasonably normal champagne flow chan-
nelled into a thin shell by the stellar wind.
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Figure 1: Extracted spectrum of G29.96−0.02 for a 1 arcsecond by 4.5 arcsecond region around the flux peak. The lines
are (from left to right) the 43S–33P and 41S–31P transitions of HeI, and the 1–0 S(1) transition of H2. The absolute flux
calibration is only approximate.
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Figure 2: Comparison of the observed flux, velocity centroid and line width along the slits for the three lines Brγ He I and
1-0 S(1) H2. The three different vertical panels show the results for the three different slit positions - on the axis of the object,
6 arcseconds to the SE and 6 arcseconds to the NW. The Brγ and He I fluxes are normalized and their spatial profiles agree
well as expected. The 1-0 S(1) H2 flux is shown relative to the Brγ flux. The zero offset along the slit corresponds to the
position of the exciting star.
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Figure 3: Comparison of the empirical model (solid line) for the ionized gas with the Brγ data (points). In the right hand
panel the solid circles are the 6 arcsec SE data and the open circles are the 6 arcsec NW data. The model flux has been
normalized to the peak flux of the on-axis data. The velocities are now with respect to the undisturbed ISM (or star); a
vlsr=92 kms
−1 has been subtracted from the data.
c© 0000 RAS, MNRAS 000, 000–000
10 S.L. Lumsden & M.G. Hoare
0
5
10
5 0 -5 -10
15
20
25
30
35
5 0 -5 -10
Figure 4: Comparison of the empirical model (solid line) for the molecular gas with the H2 data (points). A vlsr=92 kms
−1
has also been subtracted from the observed velocities.
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